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Abstract: We study the production of cosmic rays (CRs) in supernova remnants (SNRs), including the produc-
tion of electron, positron and antiproton CR components. This combines nuclear collisions inside CR sources
and in the diffuse interstellar medium leading to the creation of electrons, positrons and antiprotons, as well as
their reacceleration, with the injection and subsequent acceleration of suprathermal protons and electrons from
the postshock thermal pool. Selfconsistent CR spectra are calculated on the basis of the nonlinear kinetic model.
Results of calculations will be presented. Calculated spectra are in the satisfactory agreement with the existing

measurements.
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1 Introduction

The Galactic cosmic rays (CRs), with proton energies be-
low a few 10'° eV, are generally believed to be acceler-
ated in supernova remnants (SNRs)(e.g. [1]). Nonlinear ki-
netic theory of CR acceleration in SNRs [2, 3, 4] is con-
sistent with observational data available at the time. This
includes the energy spectra of CR nuclei and the proper-
ties of nonthermal emission produced by CRs inside SNRs.
Therefore one can use the term “standard model” for this
theory.

Considerations based on the selfconsistent kinetic non-
linear model for CR acceleration in SNRs show that the
reacceleration of the existing Galactic CRs (GCRs) and
the creation of secondary CRs species due to the collisions
of primary CRs with the gas nuclei in SNRs strongly in-
fluence the energy spectra of secondary elements, like Li,
Be, B [5]. Due to this additional mechanism the spectra
of secondaries become significantly flatter at high energies
€ 2,100 GeV/n. This effect can be directly studied from
the secondary to primary (s/p) ratio: at high energies where
reacceleration is important, the s/p ratio should be flatter
than at lower energies.

Since positrons also represent the secondary CR compo-
nent the formation of their energy spectrum should be very
similar to the case of secondary nuclei. In particular if the
standard model prediction is also valid for positrons one
has to expect the flattering of positron energy spectrum at
high energies.

It is therefore important to find the consistency of stan-
dard model prediction with the increase of positron to elec-
tron ratio at energies from 10 to 100 GeV detected in
PAMELA [6] and Fermi-LAT [7, 8] satellite experiments.
According to estimates of the spectrum of positrons cre-
ated and accelerated in SNRs [9] such a consistency may
exist. To find a strict conclusion one needs however to
study the formation of electron and positron spectra based
on the nonlinear time-dependent kinetic model including
acceleration of positrons created in SNR and in the inter-
stellar medium (ISM) as well.

Here we apply the same approach based on the kinetic
nonlinear model of CR acceleration in SNRs, which was
used for determination of the secondary nuclei spectra [5],

in order to calculate the expected electron and positrons
energy spectra and to compare them with the existing data.

2 Acceleration and reacceleration of CRs in
SNRs

There are two different ISM suprathermal particle popula-
tions which are injected into the diffusive shock accelera-
tion process in SNRs. The first and most general one is the
injection of some fraction of the postshock thermal parti-
cle distribution. It occurs for all ions present in the back-
ground medium and usually supplies enough particles to
convert a significant part of the SN shock energy into that
of an energetic particle population.

The second possibility is the acceleration of pre-existing
GCR particles which have a sufficiently high energy
€ 2,100 MeV/n so that they participate naturally into the
acceleration process. To distinguish these two different in-
jection mechanism we use here the term “acceleration” for
the first case and “reacceleration” for the second.

Proton injection is described in terms of dimensionless
parameter 1) which is a fraction of the incoming thermal
protons which are instantly involved into the acceleration
at the gas subshock with a speed that exceeds the postshock
gas sound speed ¢y by a factor A > 1 [2]:

Ninj = NNg1, Pinj = Amcsy. (1)

Here N, = p/mj is the gas number density, and the sub-
scripts 1(2) refer to the point just ahead (behind) the shock.
We assume that electrons are also injected into the diffu-
sive shock acceleration process still at nonrelativistic ener-
gies below mec?. Since the electron injection mechanism is
not very well known for simplicity we consider their accel-
eration starting from the same momentum as protons. At
relativistic energies they have exactly the same dynamics
as the protons. Therefore, neglecting synchrotron losses,
their distribution function at any given time has the form

fe(p) = Kepf(p) 2

for energies exceeding the electron injection energy, with
some factor K., < 1. The electron distribution function
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fe(p) deviates only at sufficiently large momenta p from
this relation due to synchrotron losses.

Since the spectra of GCRs have a peak at kinetic energy
€ = &gcr =~ 300 MeV and in the case of reacceleration it
is assumed that the existing GCR population is injected at
the SN shock front into the diffusive acceleration with this
energy

Pinj = PGCR; Ninj = NGCR- 3)
Here Ngcr is the total number of GCR species per unit vol-
ume and pgcr is their mean momentum, that corresponds
10 EGCR-

In order to determine the number of reaccelerated CRs
we starts from the case of protons. For this purpose we
use the analytical approximation for their flux (differential
intensity) in ISM (e.g. [11])

1(e) = 1.93(v/c)[0.939 + (£ /1 GeV)] (4)

in part/(cm?s st). Here v and € are the speed and kinetic
energy of proton respectively, ¢ is the speed of light. Inte-
gration of the expression n = 4xl /v over the protons ener-
gies above 0.3 GeV gives the number density of CR pro-
tons Ngcr = 3.3 x 10710 cm—3.

Since at GeV energies the flux of CR electrons is by
a factor of 100 lower then the protons and the flux of
positrons is about 0.2 of electron flux the values of num-
ber density of CR electrons and positrons in ISM are
Ngcr =3.3x 10712 em™3 and Ngcr = 6.6 x 10713 cm ™3
respectively.

There is an additional mechanism of secondary GCR
production inside SNRs: primary nuclei like GCRs in the
Galactic disk produce light secondary as a result of their
nuclear collisions with the background gas. The total pro-
duction rate of secondary electrons and positrons in SNRs
due to the proton-proton collisions can be represented in
the form [12]

~d
0clee) =Ny | Eon(en) Ny (&) Fuleesgp), )

where N, (&) is differential proton number density. We
use analytical expressions for the inelastic cross-section
of proton-proton interaction oj,(&p) and for the function
F.(&,¢&p) derived in [12]. The source term Q.(€&) de-
scribes the creation of electrons and positrons throughout
the remnant within wide energy range up to the energy
€ ~ 0.05&max, Where €nyx is the proton maximal energy.
The particles created at distances less then the proton diffu-
sive length /(&) from the shock front undergo subsequent
acceleration. Since the diffusive length is increasing func-
tion of energy [ o g, acceleration makes the secondary par-
ticle spectra considerably harder compared with the spec-
tra of primaries.

The spectrum of CRs in the ISM is Ngcr(€) =
T(€)N(€g), where N(¢g) is the spectrum of CRs released
from SNRs, 7(€) is the escape time from the Galaxy in
the case of protons and 7(€) & Tjoss(€) is the loss time
Tioss(€) o< 1 /€ determined by inverse Compton scattering
and synchrotron emission in the case of high energy elec-
trons and positrons.

3 Results and discussion

In order to study the energy spectra of electrons and
positrons produced in SNRs we have performed selfconsis-
tent calculations of CR acceleration in SNRs, based on the
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Figure 1: Calculated electron (thick line) and positron
(thin lines) spectra produced inside SNRs in ISM of
number density Ny = 1.5 cm™3 together with PAMELA
[15, 16], Fermi LAT [17], HESS [18] and ATIC [19] data.
Dotted (ppISM) and dashed (ppSNR) lines represent spec-
tra of positrons created in p-p collisions in ISM [20] and in-
side SNR respectively, dash-dotted (reSNR) line represent
the spectrum of positrons produced in SNRs.

kinetic nonlinear model, for the simple case of a uniform
ISM with different densities.

We use the values Esy = 10°! erg for the explosion en-
ergy and M; = 1.4M, for the ejecta mass which are typical
for SNe Ia in a uniform ISM. Note that the main fraction
of the core collapse SNe has relatively small initial progen-
itor star masses between 8 and 15 M, which therefore do
not significantly modify the surrounding ISM through the
main sequence wind of the progenitor star. SNR evolution
in this case is very similar to that of SNe Ia.

We adopt an injection rate of suprathermal protons, char-
acterized by the injection parameters n = 10~* and A = 4,
which are expected for a typical SNR [13]. We consider
three essentially different phases of the ISM: a diluted,
hot ISM with hydrogen number density Ny = 0.003 cm >
and temperature Ty = 10° K, a warm ISM with Ny =
0.3 cm™3 and Th = 10* K, and an “average” ISM with
Ny = 1.5 cm™3 and Ty = 10* K. The ISM magnetic field
values Bp = 3 uG, 5 uG and 5 uG where taken for these
three cases, respectively. Note, that at early SNR evolu-
tionary phases magnetic field inside SNRs is expected to
be considerably amplified. However since the secondaries
are mainly produced at the late evolutionary phases [5] we
ignore here this effect and use the time-independent up-
stream magnetic field value By.

GCRs at kinetic energy € =~ 1 GeV are characterized by
the electron to proton ratio Kep = 1072, Since the main part
of CRs produced in SNRs are released in the surrounding
ISM at late Sedov SNR evolutionary phase the value Kep =
1072 characterizes the injection of protons and electrons
at this late stage. At the same time for all known young
SNRs the value of this parameter extracted from the fit of
the SNRs nonthermal emission properties is considerably
lower: K ~ 10~ (e.g. [14]). This situation suggests the
increase of electron injection rate during SNR evolution so
that electron to proton ratio Kep(?) is increasing function
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Figure 2: Calculated ratio of positron to electron produced
inside SNRs in ISM of number density Ng = 1.5 cm™3
(dashed line) together with PAMELA [15, 16], Fermi LAT
[17], HEAT, AMS-01 and new AMS-02 data. Dotted line
represents the positron to electron ratio created in p-p col-
lisions in ISM [20]. The solid line is the sum of this two
components.

of SNR evolutionary time ¢. We use in our calculations
Kep ~ 10~* atr < 10* yr and

lg(Kep) = —4+6.51g(1/10* yr) (6)

att > 10* yr.

Calculated electron and positron spectra, produced in-
side SNRs situated in ISM of number density Ng =
1.5 cm ™~ are presented in Fig.1 together with the existing
data. It is seen that at energies from 10 to 200 GeV the
calculated positron spectrum is considerably flatter then
the electron spectrum. Electron and positron spectra are in
a satisfactory agreement with the results of recent experi-
ments.

Since the production rate of secondary electrons and
positrons in p-p collisions is proportional to the gas den-
sity the number of positrons with energies € > 10 GeV
produced in SNRs is lower at lower ISM density Ny <
1.5 cm™3 compared with the case of Ny = 1.5 cm ™.

Similar calculations made for production of secondary
anpiprotons. The result for Ny = 1.5 cm™3 are presented
in Fig.3

4 Summary

Since Ny = 1.5 cm™> well corresponds to the mean gas
number density within the Galactic disk we conclude that
the observed electron and positron spectra can indeed be
produced in Galactic SNRs.
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Figure 3: Antiproton to proton ratio as function of enrery.
The dotted line is the ratio created in p-p collisions in ISM.
The calculated ratio of reaccelerated (dash-dotted line) in
SNR and reaccelerated plus created in p-p collisions in
SNR (dashed line) 5/p in ISM of number density Ny =
1.5 cm 3 are shown together with PAMELA data [21]. The
solid line is the sum of above dotted and dashed lines.
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